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The temperature distribution in a model structure in the form of a solar photovoltaic cell plate with 

an additional posistor layer based on a polymer matrix with nanocarbon fillers being in thermal contact is 

determined and investigated in the presence of overvoltages leading to the occurrence of local overheating 

regions. It is found that the regions of local overheating expand over time and, as a result, they spread over 

the entire plate of such a structure. The entire structure is heated above the phase transition temperature of 

the posistor layer for a time interval of the order of several seconds. The posistor layer goes into a low-

conductivity state and most of the voltage drops across it. These results substantiate the prospects of using a 

posistor layer for electrical and thermal protection of solar photovoltaic cells from reverse overvoltages. 
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1. Introduction 

One of the ways to solve the problem of protecting photovoltaic cells of solar arrays 

from electrical overloads and preventing local overheating (the appearance of “hot 

spots” [1-6]) is based on the use of posistor composites based on nanocarbon fillers in a 

polymer matrix and manufactured using the “PolySwitch” technology [7-9]. The basic 

functional property of such polymeric positive temperature coefficient devices (PPTC 

resettable fuses) is an abrupt increase in resistance by several orders of magnitude upon 

reaching a certain limiting temperature and returning to the initial highly  conductive state 

when the temperature drops. Analysis of the prospects for the creation and application of such 

thermal sensor fuses is relevant. The possibility of implementing protection against reverse 

electrical overvoltages and thermal breakdown of photovoltaic cells of a small area with 

built-in layers of a posistor polymer nanocomposite with a carbon filler for which the 

inhomogeneity of pre-breakdown heating can be neglected was established [10]. However, it 

should be taken into account that modern solar photovoltaic cells are distributed film type 

structures (thickness 0.1-0.2 mm, area up to 1515 cm2). The processes of heat propagation 

in the longitudinal direction (in particular, thermal breakdown) must be considered in a 

detailed study of electrothermal processes in such structures. This is the subject of this work. 

The results of modeling the temperature distribution in the structure, which is a solar 

photovoltaic cell with an additional posistor layer (PPTC resettable fuse of “PolySwitch” 

technology) being in thermal contact in the presence of overvoltage are given. The equations 

of heat conduction with a local source of heat of electrical origin varying in space and time 

are the basis of the model.  

2. Physical fundamentals 

At the initial moment of the appearance of a reverse voltage, which biases the 

p-n junction of the photovoltaic cell, the PPTC fuse layer has a temperature close to the 

ambient temperature Т0 and is in a highly conductive state. Significant current begins to flow 

in the region with low electrical resistance of the photovoltaic cell, which is able to heat the 

specified area and the adjacent part of the PPTC fuse layer to temperatures equal to or higher 

than the temperature of its transition to the insulating state (tripping temperature). As a result, 

the region of the PPTC fuse layer adjacent to the region of local heating of the solar 

photovoltaic cell plate becomes insulating and the current of the reverse biased p-n junction 

of   the  photovoltaic  cell  is  forced  to  flow  around  it, which  leads   to   spatial   expansion  
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(“spreading”) of the initially formed heat source (Fig. 1).  

 

Fig. 1. The analyzed structure in the state of heating the local region of the PPTC fuse layer  

by electric current with its transition to a low-conductive state. The arrows show  

the directions of the maximum currents flow.  

1 - p-n junction of photovoltaic cell; 2 - posistor nanocomposite layer; 3 and 4 - antireflection coating 

and metal mesh (electrode) of photovoltaic cell layer; 5 – electrode layer. 

As this “spreading” occurs, all new regions of the PPTC fuse layer are heated and 

pass into a low-conductive state. After such a transition of the entire PPTC fuse, the 

overvoltage of the p-n junction of the photovoltaic cell is redistributed to this layer and, 

thus, the possibility of thermal breakdown and degradation of the solar photovoltaic cell 

in the considered abnormal situation is prevented.  

3. Model equations 

The solution to the problem of finding the temperature distribution u(r,t) along the 

coordinate r and in time t can be realized using the heat conduction equation in a polar 

coordinate system taking into account axial symmetry [11, 12], where the above-

described effect of “spreading” of an electric heat source is necessary take account 
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where r is a point in the plane of the plate, which has the shape of a thin disk of radius r0 

and thickness d; , c, k and hz are density, specific heat capacity, thermal conductivity and 

heat transfer coefficient of the unit surface of the plate bases with the environment. 

The left term of equation (1) corresponds to the processes of heat accumulation 

spent on heating the plate, the right terms correspond to the processes of heat propagation 

in the longitudinal direction, heat creation by internal sources and its dissipation 

according to the Newton-Richman law [13] through the surfaces of the bases in the 

transverse direction, respectively. 

The density of electrical power, which is spent on heating a plate element with an 

area dS = 2 r dr, is determined by the expression [14] 

),()()(]),,([ 2 = − rfTgTUrtrup np , (2) 

where U(T )=U0 Rp-n(T )/[Rp-n(T )+Rs] is the reverse electrical voltage applied to the 

p-n junction of the solar photovoltaic cell; U0 is the overvoltage amplitude; Rs and Rp-n(T ) 

are the internal resistance of the overvoltage source of the photovoltaic  

cell and the experimentally determined resistance of the p-n junction; 

( ) ( ) 22 2/exp2/1),( −= rrf  is the power distribution function along the coordinate 

(radius) of a local heat source with axial symmetry [15];  is the parameter related to the 

effective value of the radius of the heat source rs by the equation f (rs,) / f (0,) = 0.5; 
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differential and integral electrical conductivity of the reverse biased p-n junction of the 

photovoltaic cell plate. 

The problem under consideration has axial symmetry and the boundary condition for 

it can be written using the Newton-Richman law for the end surface of the plate, which, 

in accordance with the adopted approximations, has a circular shape 
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where hr is the heat exchange unit of the end surface of the plate with the environment. 

The initial condition is 

0)0,( Tru = . (4) 

In this case, the influence of longitudinal heat transfer in the posistor layer is 

neglected. To a certain extent, such a simplification can be considered correct, since the 

specific thermal conductivity of a silicon plate (at room temperatures 

0.84-1.50 W cm-1 K-1) [16] is several times higher than the value of a similar parameter 

for polyethylene (0.0033 W cm-1 K-1) [17]. 

In this case, the solution algorithm is as follows. 

1. Solution of problem (1)-(4) for a small-time interval t1 (from t0 = 0 to t1 = t1). 

The time of the heat propagation process is taken equal t1. 

Fixation of the obtained temperature distribution in the plate u(r, t1) and 

determination of the boundary value of the radius of the polar coordinate system, where 

the temperature is not lower than the tripping temperature of the PPTC layer, i.e. limits 

the region of this layer, which has passed into a low-conductivity state (Fig. 1) by 

solving the equation u(rtrip, t1) = Ttrip. 

2. Solution of the problem of point 1 for the next small time interval t2, taking into 

account that 

– the radius of the heat source changed rs = rtrip and, accordingly, the value of the 

distribution density parameter  changed; 

– right party of the initial condition of the temperature distribution is replaced by 

u(r, t1); 

– the electric heat source “spreads” and the area of the posistor layer, which turns 

into an isolating state, increases. As a result, the integral conductivity of the plate of the 

reverse biased p-n junction of the photovoltaic cell decreases in accordance with the 

formula 
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In the following numerical experiments taken  
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where Eg is the band gap of the semiconductor material of the photovoltaic cell 

(silicon); k is the Boltzmann constant; n is the correction coefficient for determining the 

activation energy of the considered temperature dependence, which is determined 

empirically; T is the temperature of the solar photovoltaic cell plate. 

After executing this step of the calculation, analogically, the total time of the heat 

propagation process t2 = t1 + t2 = t1 + t2 and the obtained temperature distribution in the 

plate u(r, t2) are fixed, and also the boundary value of the radius rtrip is determined from 

the equation u(r, ttrip) = Ttrip . 

Algorithm point 2 is repeated until rtrip = r0 is satisfied. 

4. Temperature distribution in the structure of the photovoltaic cell - posistor 

The problem was solved by a numerical method using the built-in library programs 

pdesolve of the Mathcad package [18]. 

The temperature distribution profiles along the r coordinate are shown in Fig. 2 

 

Fig. 2. Temperature distribution along the coordinate in the solar photovoltaic cell plate  

after the application of electric overvoltage (U0 = 12 V) at times ti, s:  

1 – 0; 2 – 0.04; 3 – 0.34; 4 – 0.74; 5 – 0.94; 6 – 1.29; 7 – 2.04.  

As can see, the width of the local heating region increases with time, as a result it 

spreads to the entire plate of the solar photovoltaic cell, after which the circuit should 

open and the photovoltaic cell should be disconnected from the overvoltage source. With 

repeated closings of the circuit (for example, due to cooling of the posistor layer), the 

process under consideration will be repeated until a metastable state is reached. However, 

the process of uncontrolled heating of the photovoltaic cell will be excluded. 

5. Conclusions 

The results of the theoretical analysis of the temperature distribution in a solar 

photovoltaic cell plate in the presence of a posistor layer at local (point) heating of the 

electrical nature are presented. 

In the structure, which is a photovoltaic cell with an additional built-in posistor layer 

of the PolySwitch technology, which is in thermal contact, within the framework of the 

concept of a “spreading” heat source, it is established that in the presence of overvoltages, 
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the local heating region expand over time, spreading to the entire plate of such a structure. 

During a time interval of the order of several seconds, the entire structure heats up above 

the phase transition temperature of the PPTC layer. The posistor layer goes into a 

low-conductivity state and most of the voltage drops across it. 

Taking into account that the process of reaching temperatures sufficient for thermal 

breakdown of the considered silicon solar cells lasts about several tens of seconds [19], 

and the stay of such photovoltaic cells at temperatures below 300 С for several hours 

does not lead to their significant degradation [19-22], the obtained results substantiate the 

prospects of using the built-in posistor layer for electrical and thermal protection of solar 

photovoltaic cells from reverse overvoltages. 
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